We conducted systematic observations of the H I Brα line (4.05 µm) and the polycyclic aromatic hydrocarbon (PAH) feature (3.3 µm) in 50 nearby (z < 0.3) ultraluminous infrared galaxies (ULIRGs) with AKARI. The Brα line is predicted to be the brightest among the H I lines under high dustextinction conditions (A V > 15 mag). The Brα line traces ionizing photons from OB stars and so is used as an indicator of star formation on the assumption of the initial mass function. We detected the Brα line in 33 ULIRGs. The luminosity of the line (L Brα ) correlates well with that of the 3.3 µm PAH emission (L 3.3 ). Thus we utilize L 3.3 as an indicator of star formation in fainter objects where the Brα line is undetected. The mean L Brα /L IR ratio in LINERs/Seyferts is significantly lower than that in H II galaxies. This difference is reconfirmed with the L 3.3 /L IR ratio in the larger sample (46 galaxies). Using the ratios, we estimate that the contribution of starburst in LINERs/Seyferts is ∼ 67%, and active galactic nuclei contribute to the remaining ∼ 33%. However, comparing the number of ionizing photons, Q Brα , derived from L Brα with that, Q IR , expected from star formation rate required to explain L IR , we find that the mean Q Brα /Q IR ratio is only 55.5±7.5% even in H II galaxies which are thought to be energized by pure starburst. This deficit of ionizing photons traced by the Brα line is significant even taking heavy dust extinction into consideration. We propose that dust within H II regions absorbs a significant fraction of ionizing photons.
1. INTRODUCTION Ultraluminous infrared galaxies (ULIRGs) radiate most (≥ 90%) of their extremely large, quasar-like luminosities (> 10 12 L ⊙ ) as infrared dust emission (Sanders et al. 1988) . The possible energy source of their enormous infrared luminosity is starburst activities and/or active galactic nuclei (AGN). Morphologically, most ULIRGs exhibit merger features. Thus, ULIRGs are thought to be dust-enshrouded quasars formed through the merger processes, eventually shedding their dust to evolve into quasars or massive ellipticals (e.g., Sanders et al. 1988; Sanders & Mirabel 1996) . Understanding whether the dust-obscured energy source of ULIRGs is dominated by starburst or AGN is therefore important to investigate this merger-driven evolutionary scenario.
To identify the energy source of galaxies, optical line ratios have been used to classify galaxies according to the excitation mechanism (e.g., ). This optical classification method was promoted by Baldwin et al. (1981) , and later modified by Veilleux & Osterbrock (1987) . On the basis of two-dimensional line-intensity ratios, such as [O III] λ5007/Hβ vs [N II] λ6583/Hα, galaxies are mainly classified into three categories; H II galaxies, Seyferts, and LINERs. The emission lines are mainly excited by starburst and AGN in H II galaxies and Seyferts, respectively. The line excitation mechanisms in LINERs are not clear and still under debate (e.g., see a review by Ho 2008) . However, in ULIRGs, it is difficult to distinguish starburst and AGN through optical studies because of their high dust extinction. To avoid this problem, many attempts have been made to reveal dust-obscured energy sources with infrared observations.
Using near-infrared observations with AKARI, Imanishi et al. (2008, 2010b) found dust-obscured AGN signatures in a significant fraction of ULIRGs that were optically classified as non-Seyferts. From observations using ISO (e.g., Genzel et al. 1998) and Spitzer (e.g., Veilleux et al. 2009 ), the fractional contributions of starburst and AGN as the energy sources in ULIRGs have been estimated with less dust extinction bias. Their results of infrared observations, however, rely largely on empirical relations. For instance, many of them use the polycyclic aromatic hydrocarbon (PAH) feature as an indicator of starburst activities. PAH is thought to be excited by UV photons from OB stars; PAH emits fluorescent light at infrared wavelengths, but its emission mechanisms are very complex (Draine 2003) . PAH emission has not been theoretically related to the number of UV photons from OB stars. Thus, quantitative discussion about the contribution of starburst or AGN is difficult on the basis of these observations.
To quantitatively investigate the energy sources of ULIRGs, we focus on the near-infrared hydrogen recombination line Brα (n : 5 → 4, λ rest = 4.05 µm). Since hydrogen is the simplest element, the number of ionizing photons from OB stars is calculated from the fluxes of hydrogen recombination lines on the basis of the photoionization model in the case B (Osterbrock & Ferland 2006) . Star formation rates (SFRs) can then be estimated from the number of ionizing photons on the as-sumption of the initial mass function (e.g., Kennicutt & Evans 2012) . Thus, we can theoretically estimate the strength of starburst activities with hydrogen recombination lines. Owing to its near-infrared wavelength, the observed flux of the Brα line is predicted to be the highest among hydrogen recombination lines (i.e., Hα or Paα lines) in the conditions of high dust extinction (visual extinction A V > 15 mag) which is expected in ULIRGs (e.g., Genzel et al. 1998) . Therefore, the Brα line is the most suitable for probing starburst activities in ULIRGs.
With the unique wavelength coverage of the nearinfrared 2.5-5.0 µm spectroscopy of AKARI (Murakami et al. 2007; Onaka et al. 2007 ), we succeed in systematically observing the Brα line in ULIRGs, whose wavelength is difficult to be accessed from ground-based telescopes. The AKARI near-infrared spectroscopy also has the unique capability to simultaneously observe the 3.3 µm PAH emission and the Brα line. The 3.3 µm PAH emission is stronger than the Brα line (Imanishi et al. 2008 (Imanishi et al. , 2010b , and hence, its luminosity can be used as an indicator of star formation for fainter objects if we calibrate it with the Brα line luminosity.
By comparing the Brα line (or the 3.3 µm PAH emission) luminosity with the total infrared luminosity, we quantitatively investigate the dust-obscured energy sources in ULIRGs. We assume that the Brα line luminosity is proportional to the strength of the starburst activity, i.e., SFRs. On the other hand, the total infrared luminosity has contributions from the starburst and the AGN. Thus, the ratio of the Brα line luminosity to the total infrared luminosity is expected to be an indicator of the contribution of starburst to the total infrared luminosity. In Section 2, we present our targets, observations, and data reduction method. Resulting spectra and measured Brα line fluxes are presented in Section 3. We utilize the Brα line and the 3.3 µm PAH emission as indicators of star formation and show a result of comparisons with the total infrared luminosity in there. Then, in Section 4, we discuss the contribution of starburst to the total energy from ULIRGs by comparing the Brα line and 3.3 µm PAH emission luminosities with the total infrared luminosity. We summarize our study in Section 5. Throughout this paper, we assume that the universe is flat with Ω M = 0.27, Ω Λ = 0.73, and H 0 = 70.4 km s −1 Mpc −1 (Komatsu et al. 2011 ).
2. OBSERVATION AND DATA REDUCTION 2.1. Targets Our targets are selected from the AKARI mission program "Evolution of ultraluminous infrared galaxies and active galactic nuclei" (AGNUL; P.I. T. Nakagawa), which aimed to investigate the connection between ULIRGs and AGN. The AGNUL program conducted systematic near-infrared spectroscopic observations of ULIRGs in the local universe. Among the archived data of AGNUL, we focus on the observations conducted during the liquid-He cool holding period May 8-2007 . As a result, 50 near-infrared grism spectroscopic observations of ULIRGs are selected and used for this study. Table 1 summarizes the observation log.
The spectra of all the targets have been reported by Imanishi et al. (2008 Imanishi et al. ( , 2010b . The 3.3 µm PAH feature in these galaxies is closely investigated in their papers, but the Brα line is not discussed in detail. Thus, we further reduced the spectra to systematically derive the Brα line fluxes in the sample for the first time, while the 3.3 µm PAH emission fluxes and optical classifications of the galaxies are taken from Imanishi et al. (2008 Imanishi et al. ( , 2010b . In addition, Table 2 summarizes the basic information, such as redshifts and IRAS -based total infrared luminosities (L IR ) of our target ULIRGs.
Spectral Analysis
The near-infrared spectroscopic observations were conducted with the InfraRed Camera (IRC) infrared spectrograph ) onboard the AKARI infrared satellite (Murakami et al. 2007 ). The 1×1 arcmin 2 window is used to avoid source overlap. The pixel scale of the AKARI IRC is 1.
′′ 46 × 1. ′′ 46. We used the NG grism mode ) to obtain a 2.5-5.0 µm spectrum. The NG grism has a dispersion of 9.7 × 10 −3 µm pix −1 and an effective spectral resolution of λ/δλ ∼ 120 at 3.6 µm for a point source. We employed the observing mode of IRC04, in which one pointing comprised 8 or 9 independent frames. Thus, though we assigned only one pointing for each ULIRG, the effects of cosmic ray hits were removed. The total net on-source exposure time is ∼ 6 min for each ULIRG.
The data were processed using "IRC Spectroscopy Toolkit Version 20110114," the standard IDL toolkit prepared for the reduction of AKARI IRC spectra (Ohyama et al. 2007) . Each frame was dark-subtracted, linearitycorrected, and flat-field corrected. Wavelength and flux calibrations were also made within this toolkit. The wavelength calibration accuracy is taken to be ∼ 1 pixel or ∼ 10 −2 µm (Ohyama et al. 2007 ). The absolute flux calibration accuracy is ∼ 10% at the central wavelength of the spectra, and can be as large as ∼ 20% at the edge of the spectra (Ohyama et al. 2007 ). We estimated a spatial extension of the object by stacking the spectrum along the spatial direction (i.e., perpendicular to the dispersion direction) for each source. The measured full width at half maximum (FWHM) of the spatial profile is typically ∼ 4-5 pixel, which is consistent with the size of the point spread function of AKARI IRC in spectroscopic mode (Lorente et al. 2008) . We adopted an aperture width of 5 pixel (= 7.
′′ 3) along the spatial direction for the spectrum extraction for each ULIRG. Smoothing with a boxcar kernel of 3 pixel in the dispersion direction was applied to each spectrum.
Line Fitting
The Brα line at rest-frame wavelength of λ rest = 4.05 µm was fitted with a linear continuum and a single Gaussian profile in each spectrum. The free parameters are the offset and the slope of the linear continuum, the normalization of the Gaussian profile, and the central wavelength. The line width is fixed at the spatial width of each object (FWHM ∼ 4-5 pixel). Here, we assumed that the spectral resolution is determined by the size of each object because the observations employ slitless spectroscopy, and the intrinsic line widths are narrower than the ∼ 3000 km s −1 ∆v resolution. The range of wavelengths used for the fitting was determined to satisfactorily reproduce the continuum emission and is typically b Luminosity distance calculated from z using our adopted cosmology. c IRAS fluxes at 25 µm (F 25 ), 60 µm (F 60 ), and 100 µm (F 100 ). These fluxes are taken from the IRAS Faint Source Catalog (Moshir et al. 1992) , except for galaxies with additional notes.
d Total infrared (3-1100 µm) luminosity calculated with L IR = 4πD 2 e Optical classification of galaxies. These classifications are taken from Veilleux et al. (1999) , except for galaxies with additional notes. f Observed flux of 3.3 µm PAH emission. These fluxes are taken from Imanishi et al. (2008) , except for galaxies with additional notes. g References of redshift: (1) Fisher et al. (1995) ; (2) Lauberts & Valentijn (1989) .
h Optical classification is taken from Armus et al. (1989) . ±0.15 µm around the central wavelength of the Brα line. The obtained central wavelengths of the Brα lines exhibit small discrepancies from those expected from redshifts. The discrepancy is larger than the fitting error of typically ∼ 10 −3 µm but within the wavelength calibration error of ∼ 10 −2 µm (Ohyama et al. 2007 ). Therefore, we shifted the wavelength of the entire spectrum so that the best-fit central wavelength of the Brα line matches the redshift. The flux of the Brα line was then calculated by integrating the best-fit Gaussian profile.
RESULTS
In this section, we present a result of the measurement of the Brα line flux in ULIRGs. We utilize the Brα line luminosity as an indicator of star formation with investigating the effect of heavy dust extinction on the Brα line. We also present a result of a comparison of the Brα line with the total infrared luminosity and the 3.3 µm PAH emission. Figure 1 presents an example of 2.5-5.0 µm spectra of ULIRGs obtained with AKARI IRC. Among the sample of galaxies, one source, IRAS 17028+5817, has two nuclei in the source. Since the eastern (E) and western (W) nuclei of this galaxy are resolved with AKARI IRC, the spectra of the two nuclei are separately extracted. Thus, in total, 51 spectra are obtained from the 50 observations (Tab. 1).
Resultant Spectra and Brα Line Fluxes
Among the 51 spectra, three sources (IRAS 00183−7111, IRAS 04313−1649, and IRAS 10091+4704) have a redshift higher than 0.24 and the Brα line was not observed within the 2.5-5.0 µm wavelength range by AKARI. Moreover, the line fitting was not performed for two other sources (IRAS 21477+0502 and IRAS 23129+2548) because their spectra suffer from spectral overlapping with other objects and we were not able to determine the spatial extension of the targets. We therefore performed the line fitting to 46 objects and detected the Brα line at the 99% confidence level (2.5σ) in 33 objects. In the remaining 13 objects, we derived 2.5σ upper-limit fluxes of the Brα line. The measured Brα line fluxes are summarized in Table 3 .
Effect of Dust Extinction on Brα Line
In the standard extinction curve (e.g., Draine 2003), dust extinction is lower at longer wavelengths. Thus the Brα line is less affected by dust extinction owing to its infrared wavelength (4.05 µm) than the optical Balmer lines and even the infrared Paα and Brγ lines (∼2 µm) widely observed from the ground. Furthermore, from observations of the Galactic center, Fritz et al. (2011) recently showed that extinction at 4 µm was about the same as that at ∼7-8 µm (A 7.5 µm /A 4 µm ∼ 0.8, where A λ is extinction in magnitude at a wavelength of λ) and was even lower than that at ∼9-20 µm (A 12.4 µm /A 4 µm ∼ 1.3). This means that the effect of dust extinction on the Brα line is compatible with (or even lower than) that on other star formation indicators in the mid-infrared wavelength such as the 7.7 µm PAH feature or the [Ne II] 12.8 µm line widely observed with Spitzer (e.g., Veilleux et al. 2009 ). Thus we conclude that the Brα line is one of the best tracers of star formation in the nearto mid-infrared wavelength range. However, especially in ULIRGs, which harbor vast amounts of dust, dust extinction could pose a problem even if we use the Brα line.
As an indicator of extinction, the optical Hα/Hβ line ratio is widely used (e.g., . The Hα/Hβ line ratio taken from literature and the inferred visual extinction in our sample are summarized in Table 3 . We assume an intrinsic line ratio for Hα/Hβ of 2.87 (Osterbrock & Ferland 2006, case B with T = 10000 K and low-density limit). For the extinction law, the Milky way dust model of Draine (2003) is used (A Hα = 0.776A V , A Hβ = 1.17A V , and A Brα = 3.56 × 10 −2 A V ). The extinction corrected luminosity of the Brα line (L Brα ) is summarized in Table 4 .
The visual extinction derived from the optical Hα/Hβ line ratio is typically a few mag, and the correction factor for the flux of the Brα line, C Brα , is at most ∼ 1.3 (Table 3). If dust obscuration of starburst in these ULIRGs is so heavy, however, optical observations would trace only the outer region of the obscured starburst, and the visual extinction derived from the Hα/Hβ line ratio would be regarded as a kind of lower limit. For instance, Genzel et al. (1998) reported visual extinction of 5-50 mag in ULIRGs based on the ISO mid-infrared spectroscopic observations. Here we discuss the uncertainty arising from such heavy dust obscuration.
With our AKARI result, we are able to estimate visual extinction using the Brβ line (n : 6 → 4, λ rest = 2.63 µm) observed simultaneously with the Brα line, although it is difficult to measure the flux of the Brβ line because of its faintness. In one source among our sample, IRAS 00456−2904 (Figure 1 ), we marginally detect the Brβ line and measure its flux to be (2.3 ± 1.0) × 10 −15 erg cm −2 s −2 . This yields the Brβ/Brα line ratio of 0.31 ± 0.15. Adopting an intrinsic line ratio for Brβ/Brα of 0.57 (Osterbrock & Ferland 2006) and A Brβ = 8.09 × 10 −2 A V (Draine 2003), we derive visual extinction of 14 ± 11 mag from the Brβ/Brα line ratio. This corresponds to a correction factor for the flux of the Brα line of 1.6 ± 0.5. Thus, in this source, extinction heavier than that derived from the Hα/Hβ line ratio (A V = 2.17 ± 0.14 mag) is indicated.
To investigate the effect of heavy dust extinction with the entire sample, we focus on the optical depth of the 9.7 µm silicate absorption feature (τ 9.7 ) derived from the Spitzer observations. Owing to the mid-infrared wavelength, the 9.7 µm silicate absorption feature can probe dust extinction in heavily obscured regions. Table 5 summarizes τ 9.7 taken from the literature (references are also listed therein). We convert τ 9.7 to visual extinction A 9.7 V using the following relation; A 9.7 V (mag) = (1.08/0.087)τ 9.7 (Imanishi et al. 2007 ). We regard A 9.7 V as the most extreme extinction in the sample. The mean value of A 9.7 V is ∼ 23 mag in our sample. This corresponds to the correction factor for the flux of the Brα line of ∼ 2.1. Thus the effect of heavy dust extinction to the Brα line flux is about a factor of two even in the extreme cases.
In summary, taking the effect of heavy dust extinction into account, we conclude that the intrinsic Brα line flux is determined within an uncertainty of a factor of two underestimation. Allowing for this uncertainty, we adopt and apply the dust extinction correction estimated from the Hα/Hβ line ratio to the Brα line flux as the minimum correction because the Hα/Hβ line ratio is available for all our targets. At least half of ionizing photons originate from dust obscured regions are expected to be traced by the Brα line, and thus we utilize the Brα line luminosity as a good indicator of star formation.
Comparison to Other Star-Formation Indicators
The total infrared luminosity is widely used as an indicator of star formation in star-forming galaxies where AGN do not contaminate the luminosity (e.g., Kennicutt & Evans 2012 The left panel of Figure 2 shows the comparison of L Brα with L IR for the 33 objects in which the Brα line is detected. We find that the galaxies do not follow a single relation and show a scatter in this plot. The correlation coefficient between L IR and L Brα is calculated to be 0.116, which yields the probability to obtain such a correlation coefficient by chance of 52.6%. This indicates no significant correlation between them.
Within the spectral window of our AKARI observation, the 3.3 µm PAH emission, which traces UV photons from OB stars and is also expected to be used as an indicator of star formation, is observed simultaneously with the Brα line. Although complex emission mechanisms make it difficult to quantitatively connect the 3.3 µm PAH emission luminosity (L 3.3 ) with the number of ionizing photons, we also expect a correlation between L 3.3 and L Brα .
The left panel of Figure 3 shows the relation between L 3.3 and L Brα . We use L 3.3 listed in Table 5 . Dust extinction is corrected for L 3.3 using the Hα/Hβ line ratio. Extinction at the wavelength of the 3.3 µm PAH emission is assumed to A 3.3 = 5.32 × 10 −2 A V (Draine 2003) . In contrast to the comparison of L Brα with L IR , L 3.3 and L Brα are well correlated with each other, regardless of the optical classifications of the galaxies. The correlation coefficient between L 3.3 and L Brα is calculated to be 0.659 for a sample size of 33. The probability of obtaining such a correlation coefficient by chance is less than 10 −4 . We regard this correlation as statistically significant. We also examine the comparison of fluxes, F 3.3 and F Brα , in the right panel of Figure 3 to investigate a possible correlation introduced by redshift in the luminosity comparison. The correlation coefficient between F 3.3 and F Brα is 0.917, and the probability of obtaining this value by chance is well below 10 −4 . Thus we conclude that the correlation between the 3.3 µm PAH emission and the Brα line is not affected by redshift and is real.
The result of the correlation between L 3.3 and L Brα indicates that they trace the same excitation sources, i.e., star formation. If the broad line region of AGN contributes to line fluxes, hydrogen lines would have a FWHM of a few thousands km s −1 (Osterbrock & Ferland 2006) . However, the width of the Brα line is consistent with the spectral resolution (∆v ∼ 3000 km s −1 ) in all targets within a fitting uncertainty of 100 km s −1 . This indicates that none of the objects show a broad component of the Brα line with a FWHM broader than ∼ 1000 km s −1 . Combining the absence of the broad component of the Brα line and the correlation between L Brα and L 3.3 , we assume that the Brα line and the 3.3µm PAH emission are entirely produced by star formation. The absence of a correlation between L Brα and L IR then indicates that L IR has a contribution from energy sources other than star formation, i.e., AGN, in our sample. Thus we conclude that we are able to investigate the contribution of starburst as the dust-enshrouded energy source in ULIRGs with comparing L Brα with L IR .
The 3.3 µm PAH emission, which is stronger than the Brα line, is detected in almost all our targets, even in the objects in which the Brα line is not observed (Tab. 2). Therefore, we calibrate L 3.3 with L Brα to quantitatively · · · · · · 5.1 ± 1.5 3.7 ± 1.1 · · · IRAS 15043+5754 1.4 ± 0.14 17.4 ± 1.7 3.6 ± 1.1 2.81 ± 0.84 4 IRAS 16333+4630 1.3 ± 0.13 16.1 ± 1.6 6.5 ± 2.0 2.31 ± 0.69 3 IRAS 16468+5200 2.5 ± 0.13 31.0 ± 1.6 1.11 ± 0.33 1.04 ± 0.31 2 IRAS 16487+5447 1.8 ± 0.18 22.4 ± 2.2 2.53 ± 0.76 2.06 ± 0.62 2 IRAS 17028+5817 1.5 ± 0.15 18.6 ± 1.9 3.38 ± 0.92 2.38 ± 0.65
22.4 ± 2.2 3.26 ± 0.98 1.91 ± 0.57 2 IRAS 17068+4027 1.8 ± 0.18 22.4 ± 2.2 6.3 ± 1.9 3.07 ± 0.92 3 IRAS 17179+5444 · · · · · · 2.15 ± 0.64 1.06 ± 0.32 · · · IRAS 19254−7245 1.3 ± 0.07 16.7 ± 0.9 1.06 ± 0.32 0.69 ± 0.21 5 IRAS 21477+0502 0.8 ± 0.08 9.9 ± 1.0 1.39 ± 0.42 0.64 ± 0.19 4 IRAS 22088−1831 2.6 ± 0.13 32.3 ± 1.6 < 0.45 < 0.26 4 IRAS 23128−5919 · · · · · · 4.4 ± 1.3 4.3 ± 1.3 · · · IRAS 23129+2548 2.6 ± 0.13 32.3 ± 1.6 < 1.1 < 0.60 3 IRAS 23498+2423 0.6 ± 0.03 7.48 ± 0.36 < 7.3 < 2.3 6 a Optical depth of the 9.7 µm silicate absorption. b Visual extinction derived from τ9.7. c Luminosity of the 3.3 µm PAH emission. Dust extinction is corrected using the Hα/Hβ ratio. investigate star formation in the objects with no Brα line detection. From the correlation between L 3.3 with L Brα , we assume a proportionality between them. The mean L Brα /L 3.3 ratio is calculated as
This relation quantitatively associates L 3.3 with the number of ionizing photons from OB stars. Thus we utilize L 3.3 as a quantitative indicator of star formation for galaxies in which the Brα line is not detected. When using the 3.3 µm PAH emission as a proxy of star formation, Kim et al. (2012) pointed out a caveat that L 3.3 /L IR decreases as L IR increases within an infrared luminosity range of 10 10 L ⊙ < L IR < 10 13 L ⊙ , and thus, the power of L 3.3 as an indicator of star formation may be hampered in ULIRGs. This deficit of L 3.3 was found even if the sources likely to be contaminated by AGN activity are excluded (Yamada et al. 2013 ). However, we obtain a clear correlation between L 3.3 and L Brα . We attribute this result to the narrowness of the infrared luminosity range of our sample (most of them lie within 10 12 L ⊙ < L IR < 10 12.5 L ⊙ ). The infrared luminosity of the objects where the Brα line is not detected is also in this luminosity range, and hence, we assume that the proportionality of Equation (1) is also valid for these objects.
The right panel of Figure 2 shows the comparison of L 3.3 with L IR . The number of the sample is increased from 33 in the left panel of the comparison of L Brα with L IR to 46 with the use of the 3.3 µm PAH emission. In this larger sample, we again find that galaxies show a significant scatter. The correlation coefficient between L IR and L 3.3 is calculated to be 0.161, yielding the probability of obtaining such a correlation coefficient by chance of 29.7%. The correlation between L IR and L 3.3 is not significant, as well as that between L IR and L Brα . We discuss the origin of these scatters in the next section.
4. DISCUSSION In §3, we utilize the luminosities of the Brα line and the 3.3 µm PAH emission as indicators of star formation. Using these indicators, we discuss the contribution of starburst to the total energy from ULIRGs.
Starburst Contribution
The optical classifications of ULIRGs are mainly based on the optical emission line ratios (Baldwin et al. 1981) and reflect a qualitative difference of the energy sources, while they have little quantitative information. We investigate the fractional contribution of starburst to the total infrared luminosity with the L Brα /L IR and L 3.3 /L IR ratios and discuss the quantitative difference of the energy sources among the galaxies with different optical classifications.
Difference among Galaxies with Different Optical Classifications
Focusing on the optical classifications of the galaxies, we find a trend that the galaxies classified as LINERs or Seyferts are distributed lower than those classified as H II galaxies in both the panels of Figure 2 . This indicates that LINERs and Seyferts have lower L Brα /L IR and L 3.3 /L IR ratios than H II galaxies. Here we discuss the significance of these differences.
The left panel of Figure 4 compares a distribution of the L Brα /L IR ratio for H II galaxies, LINERs, and Seyferts. The distributions of LINERs and Seyferts are similar with each other, while that of H II galaxies clearly deviates from the others. To investigate whether the difference of the L Brα /L IR ratio is statistically significant, we performed the Kolmogorov-Smirnoff (K-S) test between the galaxies with the different optical classifications. The K-S test probabilities that the two sets of samples originate from the same population are summarized in Table 6 . The K-S probability between LINERs and Seyferts is 8.5×10
−2 and indicates no significant difference between them. On the other hand, H II galaxies show a probability of less than 5 × 10 −3 against LINERs or Seyferts. If we combine LINERs and Seyferts, the probability that H II galaxies and the others are drawn from the same population is 1.4 × 10 −4 . This difference is statistically significant, and we conclude that the L Brα /L IR ratio is statistically different between H II galaxies and LINERs/Seyferts.
The right panel of Figure 4 is the same as the left panel, but for the L 3.3 /L IR ratio with the larger sample. The distribution of H II galaxies again deviates from the two other classifications. We performed the K-S test for the L 3.3 /L IR ratio in the same way as the L Brα /L IR ratio and summarize the K-S probabilities for the L 3.3 /L IR ratio in Table 6 . The K-S test between LINERs and Seyferts again indicates no significant difference between them, while the probability between H II galaxies and the combination of LINERs and Seyferts is 4.0 × 10 −3 . This means that the distribution of the L 3.3 /L IR is statistically different between H II galaxies and LINERs/Seyferts. Thus the result we obtained with the L Brα /L IR ratio is reproduced using L 3.3 with the larger sample.
The mean L Brα /L IR ratio in each classification is calculated and shown in Table 7 . The combination of LINERs and Seyferts yields the mean L Brα /L IR ratio of 3.7 × 10 −5 , which is about half of that in H II galaxies (6.9 × 10 −5 ). To investigate whether the mean L Brα /L IR ratio in LINERs or Seyferts is statistically lower than that in H II galaxies, we performed the Student's t test. The t-test probabilities that two sets of samples originate from populations with the same mean L Brα /L IR ratio are summarized in Table 6 . The test between LINERs and Seyferts indicates that there is no significant difference between them, whereas H II galaxies show a low probability against the others. The probability between H II galaxies and the combination of LINERs and Seyferts is 9.0 × 10 −4 , which is statistically significant. Thus, we conclude that the mean L Brα /L IR ratio in LINERs and Seyferts is significantly lower, about half of that in H II galaxies.
In the same way as the L Brα /L IR ratio, the difference of the mean L 3.3 /L IR ratio (Table 7) between the galaxies with different optical classifications is examined with the Student's t test. The result is summarized in Table 6 . From the t test probabilities for the L 3.3 /L IR ratio, we conclude that the mean L 3.3 /L IR ratio in LINERs and Seyferts is significantly lower than that in H II galaxies. This is consistent with the result obtained from the L Brα /L IR ratio. Thus, with the larger sample, the difference among the galaxies with different optical classifications is further confirmed.
We here discuss the possible effect of dust extinction to the difference of the L Brα /L IR and L 3.3 /L IR ratios. To explain the difference of the mean L Brα /L IR or L 3.3 /L IR ratio among the galaxies with different optical classifications with dust extinction, extinction should be much higher in LINERs and Seyferts than in H II galaxies. However, Veilleux et al. (2009) reported that the optical depth of the 9.7 µm silicate absorption was generally smaller in Seyferts than in H II galaxies based on the Spitzer results. This indicates that the dust extinction in H II galaxies is generally higher than that in Seyferts and is opposite to the above scenario. Therefore, we conclude that the difference of the mean L Brα /L IR and L 3.3 /L IR ratios among the galaxies with different optical classifications cannot be explained by the effect of heavy dust extinction.
In summary, we conclude that the mean L Brα /L IR and L 3.3 /L IR ratios are significantly lower in LINERs and Seyferts than in H II galaxies. This difference is not attributable to the effect of dust extinction.
Fractional Contribution of Starburst as Energy Sources
We propose that the L Brα /L IR and L 3.3 /L IR ratios reflect the fractional contribution of starburst to the total infrared luminosity, and the relative difference of the ratios among the galaxies with the different optical classifications shows the difference of the energy sources of them.
We here assume that H II galaxies are completely energized by starburst, and the L Brα /L IR ratio of 6.9 × 10 −5 , which is the mean ratio in H II galaxies, corresponds to the starburst contribution of 100%. On the basis of this assumption, we estimate the starburst contri-
−5 . Even the AKARI observations, however, could be affected by dust extinction. To verify this effect, we compare our result with the mid-infrared spectroscopic results obtained by Spitzer IRS spectroscopy, which is expected to be less affected by dust extinction. Veilleux et al. (2009) summarized the six independent diagnostics to estimate the starburst/AGN contribution in ULIRGs based on Spitzer observations. Among our targets, 11 galaxies are also reported in Veilleux et al. (2009) , and the starburst contribution to the bolometric luminosity (R Spitzer SB ) in these galaxies is calculated. To see the consistency of our work and the previous Spitzer works, we compare R AKARI SB with R Spitzer SB in Figure 5 . ratio. The ratio of the total sample is 0.84±0.15, while it is 0.69±0.44, 1.13 ± 0.15, and 1.28 ± 0.16 in H II galaxies, Seyferts, and LINERs, respectively. The biggest deviation of the ratio from unity is seen in LINERs with the level of about 30%, but the significance level is not high (1.8σ). Due to the limited number of samples, we cannot deny the possibility that the two results might be different, but the current sample does not show the clear difference between the starburst contributions estimated by the two methods. We hence conclude that our result is consistent with the Spitzer result, and so R AKARI SB can be used as a quantitative indicator of the starburst contribution to the total infrared luminosity. We discuss below the energy sources of the galaxies using the L Brα /L IR ratio.
We should note that the mean R 
/R
AKARI SB ratio of Seyferts, which are dominated by AGN, is not deviated from unity. Moreover, we cannot find any clear evidence of the presence of AGN in this galaxy from our observation (e.g., absence of the broad line) and other literature (e.g., Veilleux et al. 1997; . We hence include this galaxy in the estimate of R Spitzer SB /R AKARI SB since no clear reason to ignore this galaxy has been found.
Energy Sources of ULIRGs
Starburst is thought to be the dominant energy source in H II galaxies, while AGN are considered to dominate in Seyferts. The result that the mean L Brα /L IR ratio is lower in Seyferts than in H II galaxies confirms this difference of energy sources. The mean L Brα /L IR ratio in Seyferts is about 43% of that in H II galaxies. This means that the fractional contribution of starburst to the total infrared luminosity in Seyferts is ∼ 43%. Given the result that LINERs also have a lower (∼ 58%) L Brα /L IR ratio than H II galaxies, energy sources other than starburst are needed in LINERs. The L Brα /L IR ratio in LINERs is similar to that in Seyferts, and thus, we propose that AGN are needed as energy generation mechanisms in LINERs, as well as Seyferts. The L 3.3 /L IR ratio in LINERs is also similar to that in Seyferts and lower than that in H II galaxies. Thus the idea that AGN are needed in LINERs, as well as Seyferts, is also supported in the larger sample.
The combination of LINERs and Seyferts yields the mean L Brα /L IR ratio of 3.7 × 10 −5 , which indicates that the fractional contribution of starburst to the total infrared luminosity in these galaxies is ∼ 50%. With the larger sample, using the L 3.3 /L IR ratio, the contribution of starburst to the total infrared luminosity in the combination of LINERs and Seyferts is estimated as ∼ 67%. From this result, it is inferred that AGN produce a significant fraction (∼ 33%) of the total infrared luminosity in LINERs and Seyferts, causing the separation of the ratios between H II galaxies and LINERs/Seyferts. As a whole, our result indicates that AGN account for about one-third of the total infrared luminosity of LINERs and Seyferts, and starburst explains the remaining infrared luminosity of ULIRGs. The mean L 3.3 /L IR ratio in the entire sample is calculated as 2.1×10 −4 , which yields the contribution of starburst to the total infrared luminosity of ∼ 80%. Consequently, the AGN contribution to the total infrared luminosity in the entire sample is indicated as ∼ 20%. Thus, we conclude that starburst is the dominant power source for the extreme infrared luminosity of ULIRGs.
In addition to Veilleux et al. (2009) , numerous works have been done using the mid-infrared spectroscopy with the Spitzer satellite to reveal the dust-enshrouded energy sources of ULIRGs. Armus et al. (2007) investigated the mid-infrared spectra of 10 ULIRGs and found evidence for AGNs in galaxies with optical Seyfert or LINER classifications, while they did not find evidence for buried AGNs in ULIRGs classified optically as H II galaxies. Nardini et al. (2009) analyzed 5-8 µm spectra of 71 ULIRGs and derived AGN/starburst contribution to the overall energy output of each source using the spectral decomposition technique. They found that the main fraction of ULIRG luminosity arose from starburst, while the AGN contribution was non-negligible (∼23%). From radio observations of 7 ULIRGs, Prouton et al. (2004) concluded that the AGN contribution was at most 50%. Our conclusion that starburst is the dominant power source for ULIRGs is consistent with these results of the works at the longer wavelength. In particular, our estimation of the AGN contribution to the total infrared luminosity in our entire sample (∼ 20%) shows a good agreement with the result obtained by Nardini et al. (2009) .
As for the less luminous population, luminous infrared galaxies (LIRGs; L IR = 10 11 -10 12 L ⊙ ), Alonso-Herrero et al. (2012) decomposed the Spitzer spectra of 53 LIRGs into AGN and starburst components. They found that the AGN contribution was only 5% on average in their sample and the bulk of the infrared luminosity of these LIRGs was due to the starburst activity. Our estimation of the AGN contribution in ULIRGs is larger than this result of the LIRGs observation. As discussed in Alonso-Herrero et al. (2012) , this supports the idea that the AGN contribution to the total infrared luminosity increases with the total infrared luminosity. Shipley et al. (2013) investigated mid-infrared PAH emissions in 65 LIRGs and estimated the AGN contribution to the total infrared luminosity in their targets. They divided their sample into a subsample of galaxies with Spitzer 3.6-8.0 µm colors indicative of warm dust heated by AGN (IRAGN; 14 galaxies) and those galaxies whose colors indicated starburst processes (non-IRAGN; 65 galaxies). They found that for most IRAGN starburst accounted for 10%-50% of the total IR luminosity, while non-IRAGN were mostly dominated by starburst. Their estimation of the starburst contribution in IRAGN is quite low. It is even lower than our estimation of the starburst contribution in LINERs and Seyferts (∼ 67%). We attribute the low starburst contribution of IRAGN relative to our estimation to the difference of the classification methods of galaxies. We propose that the Spitzer classification method of IRAGN separated AGN dominated galaxies better than the optical classification method, which should suffer from the effect of dust extinction, and caused the low starburst contribution in IRAGN sample.
The longer wavelength results rely on a little complicated indicators such as fine structure lines or spectral decomposition techniques which assume empirical starburst and AGN templates. On the other hand, our method is based on the direct indicator of the ionizing photons, the Brα line, and so is able to estimate the contribution of starburst in a robust way. We conclude that the contribution of starburst to the total infrared luminosity is different among the galaxies with different optical classifications. The starburst contribution is estimated as ∼ 67% in LINERs and Seyferts. Our result is consistent with the previous works at the longer wavelength.
Deficit of Ionizing Photons
Here we revisit the assumption of 100% contribution of starburst in H II galaxies with converting the observed luminosities to the number of ionizing photons. The Brα line luminosity can be converted into the number of ionizing photons, Q Brα , on the assumption of the case B with T = 10000 K and low-density limit of the model by Osterbrock & Ferland (2006) ;
The number of ionizing photons from OB stars is theoretically related to SFR on the assumption of the initial mass function (e.g., Kennicutt & Evans 2012) . On the other hand, the total infrared luminosity can also be converted to SFR on the assumption of the initial mass function if it is solely generated by star formation (Kennicutt & Evans 2012). We assume that this is the case in H II galaxies. Thus, we can estimate the number of ionizing photons (Q IR ) expected from SFR required to explain the total infrared luminosity. Adopting the calibration provided by Murphy et al. (2011) , we convert the total infrared luminosity into the number of ionizing photons as
The L Brα /L IR ratio of 2.1 × 10 −4 is required to obtain Q Brα /Q IR = 100%.
Using Equations (2) and (3), we convert the L Brα /L IR ratio into the Q Brα /Q IR ratio. We find that the mean L Brα /L IR ratio in H II galaxies of 6.9 × 10 −5 yields the Q Brα /Q IR ratio of only ∼ 33%. This indicates that starburst explains merely less than one-third of the total infrared luminosity, even in H II galaxies. This is inconsistent with the assumption that H II galaxies are dominated by starburst. Similar results that the number of ionizing photons derived from the near-infrared hydrogen recombination lines is low relative to that expected from the total infrared luminosity in ULIRGs have been reported by Goldader et al. (1995) using the Brγ line and Valdés et al. (2005) using the Paα and Brγ lines. Our result indicates that the Brα line also suffers the same kind of deficit.
Comparing our result with the Spitzer result (Figure 5) , we show that R AKARI SB , which is based on the assumption of 100% contribution of starburst in H II galaxies, is consistent with the fractional contribution of starburst estimated from the longer wavelength result ( §4.1.2). This indicates that the apparently low Q Brα /Q IR ratio is caused by underestimation of the number of ionizing photons with the Brα line by a factor of ∼ 3.
As we see in §3.2 with the entire sample, the Brα line flux could be underestimated by a factor of two due to dust extinction. To closely investigate this effect, we calculate the mean Q Brα /Q IR ratio in H II galaxies with correcting L Brα using A 9.7 V . We find that the mean Q Brα /Q IR ratio increases to 55.5% but is still lower than 100%. The standard error is estimated as 7.5% (1σ), and so the significance of the deviation from 100% is estimated as ∼ 6σ even after the dust extinction correction with A 9.7 V . Thus we conclude that the number of ionizing photons traced by the Brα line is deficient relative to that expected from the total infrared luminosity even taking heavy dust extinction into consideration.
In addition to heavy dust extinction, we propose that dust within the starburst ionized regions absorbs a significant fraction of ionizing photons from OB stars and causes the underestimation of the number of ionizing photons with the Brα line. If only a fraction f % of photons with energy > 13.6 eV ionizes the gas while the remaining (100 − f )% is absorbed by dust, the hydrogen lines underestimate the number of ionizing photons to be f % of the intrinsic value. Hirashita et al. (2003) have estimated an average value of (100 − f ) ∼ 50%, with some objects reaching (100 − f ) ∼ 80%, based on observations of IUE-selected star-forming galaxies. To explain the discrepancy between Q Brα and Q IR in H II galaxies after taking the uncertainty of dust extinction into consideration, the fraction of ionizing photons absorbed by dust is required to be ∼ 45%, which is well within the range of the possible values indicated by Hirashita et al. (2003) . We suggest that the absorption of ionizing photons within H II regions is required in addition to heavy dust extinction to the Brα line to explain the underestimation of Q Brα relative to Q IR in ULIRGs.
5. SUMMARY We conducted systematic observations of the hydrogen Brα line with the AKARI IRC 2.5-5.0 µm spectroscopy in 50 nearby (z < 0.3) ULIRGs to estimate the strength of starburst unbiased by dust extinction. We detected the Brα line in 33 ULIRGs. Comparing the Brα line with the 3.3 µm PAH emission and the total infrared luminosity, we investigate the fractional contribution of starburst to the total infrared luminosity in ULIRGs. The main results are as follows:
1. The effect of heavy dust extinction to the Brα line is investigated with the Brβ/Brα line ratio in one source and the optical depth of 9.7 µm silicate absorption taken from Spitzer results in the entire sample. We conclude that the intrinsic Brα line flux is determined within the uncertainty of a factor of two underestimation even if we take the effect of heavy dust extinction into consideration. 4. The mean L Brα /L IR ratio is significantly lower in galaxies optically classified as LINERs and Seyferts than in H II galaxies. This difference is also confirmed with the L 3.3 /L IR ratio in the larger sample. We propose that the difference reflects the contribution of starburst to the total infrared luminosity in ULIRGs. Assuming that H II galaxies are 100% energized by starburst, we estimate that the contribution of starburst to the total infrared luminosity in LINERs and Seyferts is ∼ 67%, and active galactic nuclei contribute to the remaining ∼ 33%.
5. We find that the number of ionizing photons derived from the Brα line (Q Brα ) are significantly smaller than that expected from star formation rate required to explain the total infrared luminosity (Q IR ). The mean L Brα /L IR ratio in H II galaxies yields the Q Brα /Q IR ratio of only 55.5 ± 7.5% even after taking heavy dust extinction into consideration. We attribute this apparently low ratio to the underestimation of the number of ionizing photons with the Brα line. We conclude that the number of ionizing photons traced by the Brα line is deficient relative to that expected from the total infrared luminosity even taking the effect of heavy dust extinction into consideration. As an additional cause of the deficit, we propose that dust within H II regions absorbs a significant fraction (∼ 45%) of ionizing photons.
